INTRODUCTION
Reactive oxygen species (ROS) have been implicated in many tissue injuries and are the accepted mechanism for acute radiation effects on normal tissue. The hydroxyl radicals generated within milliseconds after irradiation are key to its genotoxic effects. It has been proposed that oxidative stress plays an additional, longer-term role in radiation injury at days, weeks or months after irradiation (1) . This hypothesis could explain the benefit from existing treatments, such as angiotensin-converting enzyme inhibition or angiotensin receptor blockade (1) , but also could point toward new treatments. This would be particularly important for late-responding tissues such as lung, brain and kidney.
Kuin et al. (2) reported a lack of benefit of the antioxidant n-acetyl-cysteine in murine radiation nephropathy. Mouse kidneys are, however, relatively resistant to the effects of radiation; confirmation in other species is thus important. In recent studies, we have used a rat model of radiation nephropathy to test for evidence of oxidative stress. Thus far, this search has yielded no evidence for increased oxidative stress at weeks to months after irradiation (3) . Lack of evidence could reflect a subtle or hard-to-find occurrence of oxidative stress. We therefore tested three antioxidant compounds in this model.
METHODS

Rat Syngeneic Bone Marrow Transplant (BMT) Model
Total-body irradiation (TBI) regimens were used to cause radiation nephropathy (4) . This radiation nephropathy is characterized by proteinuria, azotemia and progressive hypertension that leads to renal failure after a median time of 20 to 30 weeks. Renal failure (uremia) is the only significant cause of illness and death in this model. The studies were performed in syngeneic WAG/Rij/Cmcr rats that were bred and housed in a moderate-security barrier. The animals were free of Mycoplasma pulmonis, Pseudomonas and common rat viruses. No antibiotics or immunosuppressive drugs were used. The rats were maintained in the Biomedical Resource Center of the Medical College of Wisconsin, which is fully accredited by the American Association of Accreditation of Laboratory Animal Care. The animal protocols were approved by the Institutional Animal Care and Use Committee.
Seven-to 8-week-old rats received TBI in a single dose. Irradiation was done with a 300 kVp orthovoltage source with a half-value layer of 1.4 mm copper; the radiation dosimetry was described in detail by Cohen et al. (5) . For irradiation, unanesthetized rats were immobilized in a specially constructed jig. Within 24 h after TBI, the rats received BMT from a syngeneic donor.
Animals were monitored daily in all experiments. Development of uremia was assessed for up to 26 weeks after TBI, and animals whose blood urea nitrogen (BUN) exceeded 120 mg/dl (i.e., those that were uremic) were euthanized. BUN, urine protein and urine creatinine were determined at specified intervals with commercial kits. Urine protein excretion was expressed as the ratio of urine protein to urine creatinine (UP/UC); this was done to account for the known urineconcentrating defect that occurs in renal injury and to normalize for animal size differences.
Antioxidant Interventions
The three compounds (an iron chelator, a soy isoflavone, and a substituted catechol) were assessed in mitigation regimens (6) in which therapy is started after irradiation but before the evidence of tissue injury. All therapy continued for the duration of the study. The different types of agents were used to enable a broader test of the hypothesis.
The iron chelator deferiprone (DFP) was tested because iron can act as a co-factor in the Haber-Weiss reaction to form hydroxyl radicals (7) (8) (9) . DFP was obtained from Cormedix, Inc. (Summit, NJ); it was used at 1.0 and 2.5 g/liter in the drinking water. These doses were based on data for use in humans, gerbils and rats (10); at 1.0 and 2.5 g/liter in the drinking water, the daily dose was 50 or 125 mg/kg per day, respectively. Animals were placed on DFP-containing water 3 days after TBI.
The soy isoflavone genistein has antioxidant effects, possibly mediated via an estrogen receptor (11) , and has radioprotective effects in mice (12, 13) . Genistein was obtained from LC Laboratories (Woburn, MA ), as 49,5,7-trihydroxyisoflavone and was mixed into a soy-free diet at 750 mg/kg of diet. In rats, this dose will achieve serum levels of 0.2-3 mmol/liter (14, 15) , levels that are high enough to have antioxidant effects (11, 16) . Control rats in this part of the study were fed the soy-free diet. Animals were placed on the special diets immediately after TBI.
The substituted catechol apocynin, which is derived from the Picorhiza kurroa plant, has antioxidant effects and, in particular, inhibits NADPH oxidase activation (17) . It also has anti-hypertensive activity and attenuates diabetic nephropathy (18, 19) . It was obtained from Sigma-Aldrich (St Louis, MO) as 49-hydroxy-39methoxyaceto-phenone. A dose of 250 mg/liter in the drinking water was chosen based on doses reported to have an antioxidant effect (20) (21) (22) . The apocynin was dissolved in 1% ethanol in water to enhance solubility; control rats in this part of the study were given 1% ethanol in their drinking water. Animals were started on the apocynin-containing water immediately after TBI.
Testing for Bleomycin-Detectable Iron
Urinary bleomycin detectable iron was measured as described by Evans and Halliwell (23) ; this assay is based on the formation of a bleomycin-iron complex, which reacts with DNA, resulting in its degradation. The DNA degradation products were measured by the thiobarbituric acid reaction. A standard curve was prepared fresh with each batch of the assay, using FeCl 3 (Sigma, Steinheim, Germany) with iron concentrations ranging from 0.1-1000 mmol/ liter. All reactions were carried out in disposable polypropylene tubes to avoid iron contamination, and all the reagent solutions except the bleomycin were treated overnight with 30 mg/ml Chelex (Bio-Rad, Hercules, CA) to remove any iron.
Statistical Analysis
Data are shown as geometric means with 95% confidence intervals. The Mann-Whitney tests were used for two-group comparisons. Statistical significance was set at P , 0.05.
RESULTS
In the first DFP study, male animals were randomized to no DFP or TBI (n 5 11), 10 Gy TBI (n 5 11), and 10 Gy TBI plus DFP at 2.5 g/liter (n 5 11). DFP appeared to mitigate radiation-induced proteinuria at 5 weeks after irradiation (P , 0.05) but not at 10 weeks (Fig. 1) . There was no benefit of DFP on azotemia (as BUN) at either 5 or 10 weeks (Fig. 1) . DFP did appear to exert a biological effect, as shown by its lowering of urinary bleomycin-detectable iron in irradiated rats from 77 (25-237) mmol per mmol creatine to 8 (4-17) mmol/mmol (P , 0.003). Note that TBI alone reduced bleomycin-detectable iron, because the level in agematched normal animals was 280 (120-650) mmol/mmol (P 5 0.03 compared to TBI alone). Because of a concern that DFP toxicity might be concealing a mitigating effect of DFP, the study was repeated with animals given 10 Gy TBI and randomized to DFP at 1.0 g/liter (n 5 12) or to no drug (n 5 6). At neither 5 nor 10 weeks after TBI did DFP at 1.0 g/liter have a mitigating effect on radiation-induced azotemia (Fig. 1) . In neither study did DFP delay the development of uremia (data not shown).
In the first genistein study, male rats were given TBI at 9, 10 or 11 Gy, with eight animals given TBI alone at each dose and eight placed on the genistein diet immediately after irradiation. Genistein did not mitigate radiation-induced azotemia (Fig. 2) or proteinuria (data not shown) after 13 weeks of treatment, and the study was terminated. To address the potential confounding by an effect of estrogen, an additional 16 female rats underwent 10 Gy TBI, of which eight were placed on genistein. In the female rats, radiation-induced protein- In the apocynin study, male animals were randomized to 1% ethanol in their drinking water and no TBI (n 5 5), 10 Gy TBI alone (n 5 5), and 10 Gy TBI plus apocynin in 1% ethanol (n 5 5). Apocynin did not mitigate radiation-induced azotemia (Fig. 3) or proteinuria (data not shown) after 13 weeks of therapy and did not delay the development of uremia (data not shown). Despite the addition of 1% ethanol to the drinking water, the unirradiated rats had normal values for BUN and for UP/UC.
DISCUSSION
These studies show no statistically significant mitigation of radiation nephropathy by acknowledged antioxidants used at doses that are consistent with an antioxidant effect. Their lack of benefit provides evidence against the hypothesis that there is ongoing chronic oxidative stress in radiation nephropathy.
We have shown previously that radiation nephropathy can be mitigated by antagonists of the reninangiotensin system using the same effective radiation doses as used in the present studies (24, 25) . Thus lack of benefit in the present study is occurring in a model in which radiation injuries can be mitigated by other agents.
Genistein was tested because of its known antioxidant activity (12, 13) and because a colleague 3 had evidence for mitigation efficacy in a rodent model of radiationinduced lung injury. While no evidence for efficacy was found in the renal model, it is possible that genistein did exert an antioxidant effect but that competing actions nullified that benefit. Thus, at serum levels of genistein just below those used in this study, rats have a 50% reduction in adrenal hormone synthesis (26) , and such an effect could antagonize an antioxidant benefit.
DFP was chosen because of the role of iron in the production of ROS. This mechanism explains the deleterious effect of iron overload in thalassemia, for which iron chelation, and specifically deferiprone, is used. Iron chelation reduces renal injury in other models, such as nephrotoxic serum nephritis and cisplatinum nephrotoxicity (7) . The possibility of benefit of an iron chelator for radiation injury is further emphasized by the finding of iron deposition in some clinical cases of radiation nephropathy that occur after BMT (27) and by reports of increased iron in serum after BMT (28) . We did find a reduction of urinary bleomycindetectable iron by radiation alone in the present studies, which is not consistent with an iron-mediated pathogenesis of injury in radiation nephropathy.
Apocynin was tested because of speculation that the established benefit of antagonists of the renin-angiotensin system (RAS) for mitigation of radiation nephropathy (24, 29) might be due to the pro-oxidant activity of angiotensin II (AII) (1). Since AII is reported to activate ROS production via NADPH oxidase (30) , an NADPH oxidase antagonist such as apocynin is a logical agent for trying to block this effect (31) . Its lack of efficacy in the present studies supports a lack of ROS excess in radiation nephropathy and is also consistent with the lack of RAS activation in this model. It is possible that a higher dose of apocynin could have had a beneficial effect. Paliege et al. (32) reported that apocynin at 2.5 mmol/liter in the drinking water did lower the urinary isoprostanes in hypertensive rats, but there was no reduction of the hypertension in that study.
Oxidative injury is reported to play a significant role in many forms of kidney disease, including diabetes, cisplatinum toxicity, and acute ischemic renal failure. However, antioxidants are not always beneficial (33, 34) . In addition, many studies that show benefit of antioxidants have used them in a prevention mode (i.e., with the agent being given before the injury). Such prevention studies may inform us about acute injury but not about the subsequent mechanistic cascade that may lead to chronic organ failure.
These results do not exclude the possibility that there may be mitigation of radiation nephropathy by other antioxidants, but when taken together with the lack of direct evidence for chronic renal oxidative stress after irradiation (3), these results cast doubt on the hypothesis that chronic oxidative stress plays a major role in the pathogenesis of radiation nephropathy. 
